Purpose: There is interest in developing linac-MR systems for MRI-guided radiation therapy. To date, the designs for such linac-MR devices have been restricted to a transverse geometry where the static magnetic field is oriented perpendicular to the direction of the incident photon beam. This work extends possibilities in this field by proposing and examining by Monte Carlo simulations, a probable longitudinal configuration where the magnetic field is oriented in the same direction as the photon beam. Methods: The EGSnrc Monte Carlo ͑MC͒ radiation transport codes with algorithms implemented to account for the magnetic field deflection of charged particles were used to compare dose distributions for linac-MR systems in transverse and longitudinal geometries. Specifically, the responses to a 6 MV pencil photon beam incident on water and lung slabs were investigated for 1.5 and 3.0 T magnetic fields. Further a five field lung plan was simulated in the longitudinal and transverse geometries across a range of magnetic field strengths from 0.2 through 3.0 T. Results: In a longitudinal geometry, the magnetic field is shown to restrict the radial spread of secondary electrons to a small degree in water, but significantly in low density tissues such as lung in contrast to the lateral shift in dose distribution seen in the transverse geometry. These effects extend to the patient case, where the longitudinal configuration demonstrated dose distributions more tightly confined to the primary photon fields, which increased dose to the planning target volume ͑PTV͒, bettered dose homogeneity within a heterogeneous ͑in density͒ PTV, and reduced the tissue interface effects associated with the transverse geometry. Conclusions: Dosimetry issues observed in a transverse linac-MR geometry such as changes to the depth dose distribution and tissue interface effects were significantly reduced or eliminated in a longitudinal geometry on a representative lung plan. Further, an increase in dose to the PTV, resulting from the magnetic field confining electrons to the forward direction, shows potential for a reduction in dose to the surrounding tissues.
I. INTRODUCTION
Prototoype linac-MR systems have been reported that can concurrently irradiate and image.
1,2 Our group's design 1 involves a radiation source, linac, or isotope, mounted so as to rotate as a unit with a biplanar MR system. This design can be called a rotating biplanar ͑RBP͒ system. The RBP system allows two options for the source and magnetic field geometry. In one option ͓transverse geometry or TRBP ͑Ref. 1͒-see Fig. 1͑a͔͒ , the radiation source is mounted so as to irradiate between the two poles. 3, 4 In another option ͓longitudinal geometry or LRBP-see Fig. 1͑b͔͒ , the radiation source is oriented with its central axis parallel to the main MR magnetic field resulting in more favorable dosimetry.
1,5 A cylindrical coil magnet system as proposed by other investigators 2, 6 does not lend itself to the practical implementation of a longitudinal configuration because the photon beam would be restricted to the longitudinal axis of the magnet, which is typically coaxial with the patient's cranial-caudal axis. It has been established that a high magnetic field strength can have significant perturbations on the dose distributions resulting from photon beam irradiation, such as changes to the percentage depth dose, tissue interface effects ͑electron return effect͒, and lateral shifts in dose distributions. 4, [7] [8] [9] These effects are most noticeable in the tissue-lung interface where nearly the entire field passes through the interface. 3, 4, 8 These effects have generally been shown to be minor at a magnetic field of 0.2 T. 3, 4 IMRT optimization has been studied to compensate for dosimetric perturbations for prostate and head and neck cases at higher magnetic fields. 10 However, IMRT has not been studied for tissue-lung interface where the electron return effect is the largest and increases with increasing magnetic field strength. 4, 7, 8 The dose distributions strongly depend on both relative orientation of magnetic and radiation field and magnetic field strength. In the longitudinal geometry, the central axis depthdose response to a broad beam in the presence of a longitudinally oriented magnetic field does not change from the zero field case, 11, 12 with the possible exception of surface dose changes due confinement of contaminant electrons. 13 It was also suggested 11 and shown 13 that a reduction in the penumbra may also be achieved for a 3 T longitudinal magnetic field in water.
The aim of this work was to investigate the consequences to radiation dose distributions that occur in a longitudinal rotating biplanar ͑LRBP͒ geometry in order to understand any advantages it may provide in comparison with the transverse RBP ͑TRBP͒ geometry. Possible advantages could be increased dose to the treated volume and decreased dose elsewhere.
For this investigation we use the EGSnrc Monte Carlo radiation transport codes with algorithms implemented to account for the magnetic field deflection of charged particles. 4, 11, [14] [15] [16] We first examine properties of pencil beams in both geometries and then extend this work into an extreme scenario of a lung cancer patient.
II. METHODS

II.A. Monte Carlo simulations in the presence of a magnetic field
As discussed in previous work, 4 EGSnrc is published with a macro package called emf_macros.mortran, developed for EGS4 by Bielajew. 11 These macros are invoked after the completion of a conventional charged particle step. The accurate simulation of charged particle transport within a static, homogeneous magnetic field with this approach requires that the step sizes within the condensed history algorithm be sufficiently short to ensure that the relative change in the particle's direction of motion is small ͑on the order of 5% or less 17 ͒, since the magnetic field deflection is encoded as a net velocity change that results from action of the Lorentz force over each step. In this work step size is restricted to 0.02 m e c 2 / ͑100͉B Ќ ͉q e c͒ cm or less, where m e c 2 is the electron's rest energy, c is the speed of light, q e is the charge of an electron, and ͉B Ќ ͉ is the magnitude of the magnetic field ͑in Tesla͒ perpendicular to the particle's velocity. The value of 0.02 is a user-defined parameter corresponding to a 2% change in direction over the transport step. For electrons traveling perpendicular to the magnetic field lines, this restricts the step size to approximately 0.2, 0.02, and 0.01 cm for 0.2, 1.5, and 3.0 T fields, respectively. As with previous work, no additional limitation was introduced to deal with the multiple scattering of charged particles as implemented in EGSnrc, which potentially introduces an approximation into the results, i.e., large angle deflections introduced by multiple scattering may still occur. Transport cutoffs for the EGSnrc simulations were set for electrons to AE= ECUT = 0.7 MeV ͑rest mass+ kinetic energy͒ and for photons to AP= PCUT= 0.01 MeV. Under these conditions, the MC package used here has demonstrated consistency with other codes incorporating magnetic fields. 4 When incorporating static, uniform, magnetic fields into Monte Carlo simulations charged particle interactions with a medium and Lorentz deflections are treated as separable events. Using this idea, a code's ability to accurately model charged particle transport within a magnetic field can be tested by eliminating medium interactions and thus reducing transport to a case that can be solved analytically. At the onset of work with this code, we modeled a 20 MeV pencil electron beam incident on air in the presence of a transverse, static, uniform magnetic field ͑air was chosen versus vacuum to avoid a runaway simulation͒. Using the EGS Windows output option, electron tracks were generated and their radius of curvature was compared against the analytical prediction,
where pЌ is the component of the electron's momentum perpendicular to the magnetic field lines, in MeV/c, c is the speed of light, and B is the field magnitude in Tesla. Over a range of 0.2-20.0 T, the resulting radii differed from the analytical prediction by less than 0.7% through at least one complete gyration cycle.
II.B. Pencil beam response
Before the simulation of a complete treatment plan, it was desirable to compare how the magnetic field would affect an elementary dose distribution in either magnetic field geometry. We examined the dose response to a 6 MV central axis FIG. 1. A conceptual diagram of ͑a͒ the TRBP geometry and ͑b͒ the LRBP geometry. In both, the B 0 magnetic field is generated by a pair of biplanar permanent magnets or solenoids ͑shown as large cylinders͒. In the TRBP model, the photon beam enters between the magnets on an axis orthogonal to the magnetic field. In the LRBP model, one magnet has a hole that allows the beam to pass through. The magnets and linac are fixed with respect to each other on a single gantry unit ͑not shown͒ that rotates about the patient. The linac-target to isocenter distance is 1000 mm, while the linac-target to edge of the B 0 magnetic field is 700 mm.
photon spectrum ͑using a Varian linac design 19 ͒ incident as a pencil beam on a uniform, block phantom of either water, or ICRP lung ͓with a mass density of 0.3 g / cm 3 and chemical composition as defined by NIST ͑Ref. 20͔͒. Lung was examined because it is a very low density medium where dose distributions are still relevant to a treatment plan, and the lower density environment would see the magnetic field having a stronger effect on the charged particle trajectories. Phantom dimensions were 20ϫ 20ϫ 40 cm 3 with voxel dimensions of 0.05ϫ 0.05ϫ 0.2 cm 3 . The pencil photon beam was oriented in the center of the phantom along the z-axis. Static, homogeneous magnetic fields ͑1.5 and 3.0 T presented͒ were applied parallel to the photon beam ͑longitudi-nal͒ along the z-axis or perpendicular ͑transverse͒ along the y-axis.
II.C. Lung case
We investigated the longitudinal and transverse geometries in a patient scenario. A lung case was chosen since it is representative of a highly inhomogeneous anatomy. Again, the low physical densities of the volume elements in the lungs suggest the strongest potential for the magnetic field's influence on the dose distribution. A similar treatment plan as discussed for the lung case in previous work was used. 4 A plan consisting of five conformal beams ͑incident at gantry angles of 356°, 176°, 51°, 320°, and 280°͒ were applied to the patient data. It should be noted that this is not a clinical plan used for treatment. Relative beam weighting is not optimized and beam angles were selected so as to investigate the influence of the magnetic field on relative dose distribution through a broad range of patient anatomy.
The plan was developed with the Eclipse treatment planning system ͑TPS͒ ͑ Varian Oncology Systems, Palo Alto, CA͒. To run the MC simulations, plan files, including CT data, were exported from the TPS and imported into an inhouse MC treatment planning dose verification system. 21, 22 The system simulates a 6 MV linac beam ͑model parameters were specific to a Varian 21EX model͒ generated in the absence of a magnetic field. For each beam a phase space was generated 70 cm from the linac target ͑30 cm from the isocenter͒, accounting for the blocking unique to that beam, and without any magnetic field present. The assumption implicit in this model is that the B 0 field is negligible to this point due to the magnetic shielding implicit in the linac-MR design. The contaminant electrons are included in our phase-space data. Each phase space is then used as a source in the DOSXYZnrc platform with the proper macros invoked such that the B 0 field was applied at angles parallel to the central axis of the incident beam in the longitudinal geometry. Hence, the uniform B 0 field begins for the simulation of each beam 30 cm upstream from isocenter ͑see Fig. 1͒ . We note that contaminant electrons are thus subject to the magnetic field, from this point on in this model. FIG . 2. The 6 MV pencil beam dose response at a depth of 10 cm for field strengths of 1.5 T in water ͑a͒ and lung ͑b͒ and 3.0 T in water ͑c͒ and lung ͑d͒. The longitudinal field ͑indicated by the subscript "ʈ"͒ confines the distribution radially, while the transverse field ͑indicated by the subscript "Ќ"͒ shifts the dose distribution to one side.
Starting the magnetic field at 30 cm from the isocenter may have some effect on the accurate simulation of contaminant electrons. However, the largest gyration radius of ϳ10 cm occurs for the scenario of 0.2 T field and 6 MeV electrons. All the contaminant electrons are transported through approximately 10 cm of air or more in the presence of the magnetic field before hitting the patient.
The cross-sectional anatomy of the lung was represented as voxel-by-voxel physical density obtained from a CT image set of a lung patient. In the transverse geometry, the B 0 field was oriented perpendicular to the incident beam, changing with beam angle to be consistent with the transverse RBP geometry. 4 A single case in the fixed-cylindrical ͑FC͒ geometry as proposed by other groups 6, 23 is also discussed, where the magnetic field was oriented along the patient's cranialcaudal axis for all incident photon beams. The specific details of the normalization are included in Appendix. Each beam was simulated separately and the results were combined and normalized to 100% at isocenter for the zero field case as per Eq. ͑A4͒. Absolute dose can be obtained by multiplying all voxel doses by the dose-to-isocenter/100% for the zero field plan. Voxel dimensions were 0.25ϫ 0.25 ϫ 0.30 cm 3 ͑larger in the cranial-caudal direction͒. Dose to any voxel with a mass density of less than 0.01 g / cm 3 was set to 0 to avoid reporting doses to regions outside the body ͑i.e., air͒. Statistical uncertainty from each beam at isocenter was approximately 1.4% prior to smoothing. No smoothing was applied to the dose distributions.
III. RESULTS AND DISCUSSION
III.A. Pencil beams
In Fig. 2 , we present the normalized ͑at the central axis͒ dose profiles in response to the 6 MV pencil beam at a depth of 10 cm in water and lung for magnetic field strengths of 0.0, 1.5, and 3.0 T. Relative percentage differences from the 0.0 T case are listed in Table I . Here and throughout this work, results presented are dose to medium, not necessarily dose to water. In Fig. 2͑a͒ , we compare the two geometries in water for 1.5 T. The longitudinal field ͑indicated by ʈ ͒ curve remains symmetric, but from approximately 0.5 through 1.5 cm radially there is a notable drop below the 0.0 T case. Beyond this range, the curve shape is dominated by contri- butions from photon scattering and the curves draw even within the increasing statistical uncertainty. Without normalization, the central axis dose is 1.0Ϯ 0.1% higher for the longitudinal case. The transverse field ͑indicated by Ќ͒ shifts the dose distribution distinctly to the right side, although by about 1.5 cm, the curves draw even, again because of photon scatter contributions to dose. The central axis dose is reduced here by 4.0%. In Fig. 2͑b͒ , which examines the same scenarios in a lung medium, similar trends are observed. The 0.0 T case is more broadly shaped due to the increased range of electrons in the lower density medium. When the longitudinal magnetic field is applied, the dose is again more tightly confined to the central region. A central axis increase of 2.7% occurs. Below 0.5 cm, the longitudinal curve is higher than the zero field curve, but beyond this and out to approximately 4 cm, the dose in the longitudinal configuration drops dramatically. In the transverse case, the shift toward the right hand side is more dramatic for the lower density medium and the central axis dose decreases by 6.4%. Other work by our group has demonstrated how this phenomenon in the transverse case leads to a density-scalable shift in dose distributions. 24 In Figs. 2͑c͒ and 2͑d͒ , the same cases are repeated for magnetic field strengths of 3.0 T and the trends are similar. The longitudinal case shows a more tightly confined dose distribution in either medium, while the transverse case shows less of a shift in the kernel shape.
These results can be explained through the inverse relationship between the Lorentz force influence on the trajectory of secondary electrons and the density of the medium. In the longitudinal geometry, the Lorentz force acts at right angles to both the incident beam direction and the radial component of secondary electron momentum. Effectively, this confines the electron tracks to a smaller radial area than the zero field case. This effect is demonstrated in Bielajew's work. 11 In the transverse geometry, the magnetic field is oriented such that the forward component of electron momentum gives rise to the Lorentz force which then directs electrons, and hence the dose distribution, to the right. In lower density media, electron interactions with the media are reduced, allowing greater range and a greater relative influence of the magnetic field on electron trajectories. At 3.0 T, the gyration radius ͓Eq. ͑1͔͒ is smaller by a factor of 2 compared to the 1.5 T case. In the longitudinal geometry this results in a dose distribution more tightly confined to the central axis. In the transverse geometry, the shift is less dramatic.
Beyond approximately 1.5 cm, the dose is coming from the secondary interactions of scattered photons. Since the scattered photons are unaffected by the magnetic field, no FIG. 4 . Relative dosimetric results for the AP field at a magnetic field strength of 0.5 T considered in both the TRBP ͑ Ќ ͒ and LRBP ͑ ʈ ͒ geometries, shown in axial and sagittal planes. The top figures ͓͑a͒-͑d͔͒ depict relative dose, normalized to the dose at isocenter, with the direction of the magnetic field also shown. The lower figures ͓͑e͒-͑h͔͒ are difference maps. In the RBP geometry, well known interface effects manifest resulting in significant dose differences in excess of 40%. In the LRBP geometry dose increases are significantly reduced and confined inside the primary beam. significant changes from the zero field case are expected here. In lung ͑b͒ the magnetic field influence is much more apparent because the lower density results in longer electron tracks, which are then changed more drastically by the Lorentz force. Increases in the dose profiles are observed with the magnetic fields applied for radial dimensions of less than approximately 0.5 cm. Beyond this region, the dose falls more quickly, sharpening the "elbow." By approximately 5 cm, the curves again converge.
III.B. Lung case
In Fig. 3 , the patient anatomy in terms of physical density for the lung plan is presented in axial ͑a͒ and sagittal ͑b͒ planes through the isocenter along with lines of structure delineation. These images are included to illustrate the differences in tissue density seen through the lungs, in particular, with this plan. Note, in particular, the variation in tissue density within the planning target volume ͑PTV͒. Also shown in Figs. 3͑c͒ and 3͑d͒ are the dose maps for the five field plan for the zero magnetic field case. Note that voxels with CT numbers below Ϫ930 were taken as air and the code returns zero dose for air. Subsequent figures are difference maps relative to this dose distribution.
To illustrate the differences in relative dose distribution between the TRBP geometry ͑denoted by Ќ͒ and the LRBP geometry ͑denoted by ʈ ͒, in Fig. 4 we present the results of simulations using the first AP beam ͑incident at a gantry angle of 356°͒ for a magnetic field strength of 0.5 T. Figures  4͑a͒-4͑d͒ depict the relative dose distributions in the two configurations in both axial and sagittal planes. Arrows have been added denoting approximate magnetic field direction for reference. Figures 4͑e͒-4͑h͒ depict the corresponding difference maps from the zero magnetic field case. The difference maps are calculated as per Eq. ͑A5͒ which represents the change in dose due to the presence of the magnetic field. Familiar effects manifest in the transverse geometry. At the tissue-lung interface and on the exit surface, the electron return effect increases tissue dose. The net effect of the Lorentz force acting on the electrons shifts the dose toward the patient's inferior. The non-perpendicular angle of the patient's chest also introduces surface orientation effects. The surface dose is reduced in this geometry as described previously, further, a large increase in dose to the lung tissue and chest wall inferior to the central axis results from a less than optimal exit surface angle. 25 Dose differences in excess of 40% are observed for this single beam. In the longitudinal FIG. 5. Relative dose differences for the five field configuration at a magnetic field strength of 0.2 T in the transverse geometry ͓͑a͒ and ͑b͔͒ and the longitudinal geometry ͓͑c͒ and ͑d͔͒. Differences of Ϯ12% are seen in the lung in the transverse geometry ͓Fig. 6͑b͔͒. In the longitudinal geometry differences from the zero field case are minimal.
geometry, the new orientation of the magnetic field drastically reduces dose differences introduced by the magnetic field. Inside the primary photon beam, there is a general increase in dose, on the order of about 10% in the lung tissue. Outside the primary field, the dose is reduced. Tissue interface effects are no longer significant. The longitudinal geometry presents an increase in dose of up to 10% at the entry surface. This is due to the longitudinal field confining contaminant ͑head or air-generated͒ electrons that would otherwise scatter out beyond the primary photon beam. Figures 5-8 show difference maps for the five field plan at 0.2, 0.5, 1.5, and 3.0 T, respectively. At 0.2 T ͑Fig. 5͒ the transverse results are as presented in previous work, 4 where differences of up to Ϯ12% can be seen in the lung tissue due to the Lorentz force consistently shifting the electrons toward the patient's inferior for all beam angles. At this field strength tissue interface effects are minimal. In comparison, the differences from the zero field case are minimal throughout all tissues for the longitudinal geometry. Increasing the field strength to 0.5 T ͑Fig. 6͒, we see the tissue interface effects beginning to manifest in the transverse geometry. The dose shift effect inside the lungs shows differences up to Ϯ20% in the lung tissue. In the longitudinal geometry at 0.5 T, differences from the zero field case remain below approximately 5%.
In Fig. 7 the field strength is increased to 1.5 T. Tissue interface effects are more obvious in the transverse geometries. Figures 7͑a͒ and 7͑b͒ show the TRBP geometry and for comparison and Figs. 7͑c͒ and 7͑d͒ show the transverse FC geometry as presented in previous work 4 where the magnetic field remains stationary along the cranial-caudal axis ͑into the page͒ for all incident beam directions. In either case the tissue interface effects result in dose differences as high as 30%. Figures 7͑e͒ and 7͑f͒ show the longitudinal RBP geometry. Here dose differences of up to 15% are seen. Hot spots are confined to the volume irradiated by the primary photon beams and volumes outside these regions are noticeably colder. Figure 8 displays dose difference maps for a magnetic field strength of 3.0 T. In general, the same phenomena are observed as in the 1.5 T case. In the transverse geometries, the tissue interface effects result in dose differences as high as 25%, whereas in the longitudinal geometry differences up to 20% are observed. Interestingly in both the transverse and FIG. 6. Relative dose differences for the five field plan at 0.5 T. With the increased field strength tissue interface effects begin to manifest in the transverse geometry. Dose shift inside the lungs becomes more prominent with extreme differences at Ϯ20% in the lung tissue. In the longitudinal geometry differences from the zero field case remain below ϳ5%.
longitudinal geometries, the maximum dose differences are smaller in volume and magnitude than those seen in the 1.5 T case. The smaller volume of the differences is again due to the fact that at 3.0 T, the mean gyration radius has decreased by a factor of 2. For reference, it is on the order of 1 mm ͑depending on the momentum distribution͒. The decrease in magnitude results from a decrease in the volume from which electrons depositing energy can originate-a phenomenon described by Raijmakers et al.
7 Figure 9 illustrates the effect of the magnetic field in each configuration on a cumulative dose-volume histogram ͑DVH͒ for the PTV ͑a͒ and the left lung minus the PTV ͑b͒, looking specifically at magnetic field strengths of 0.0, 0.5, and 1.5 T.
In this plan, the PTV is placed in a highly heterogeneous medium, which is not uncommon in lung plans. As a general trend we see the DVH shift to the right with increasing field strength for the longitudinal geometry, which is due to the FIG. 7. Relative dose differences for the five field plan at 1.5 T. ͑a͒ and ͑b͒ show the TRBP geometry, where the magnetic field changes with beam direction. In ͑c͒ and ͑d͒, results are also shown for the fixed cylindrical ͑transverse͒ geometry where the magnetic field is static in the craino-caudal direction. In both transverse geometries the tissue interface effects are apparent. In the LRBP geometry ͓͑e͒ and ͑f͔͒, dose increases are observed inside the primary photon beam in the lung tissue up to 15% and remain cooler outside, where dose differences in soft tissue remain minimal.
Lorentz force restricting the lateral range of electrons in the lower density tissue inside the PTV. This results in more volume elements within the PTV receiving higher dose. By contrast, in the transverse geometry, the general trend is a decrease in the steepness of the curve, indicting a more heterogeneous dose distribution. Because the PTV is highly heterogeneous in physical density, it is susceptible to tissue interface effects in the transverse geometry. In the longitudinal geometry dose is more tightly contained for less dense volume elements where it otherwise would not be leading to a more uniform dose distribution.
The left lung ͑with PTV excluded͒, Fig. 9͑b͒ , shows only small changes in the DVH across the range of geometries and magnetic field strengths investigated. V20 ͑where 20 is expressed here as a percentage of the prescription dose͒ remains reasonably constant. From Figs. 6 and 7 there are obvious changes in the dose distribution within the lung. As this is a rather large structure, the magnetic field tends to shift the dose within it, making some subregions hotter and some colder. Dose heterogeneity tends to increase somewhat for the longitudinal geometry resulting in a curve that is slightly less steep. In general, however, the integral dose received by the lung does not drastically change. For the 1.5 T longitudinal case, we observe a 5% increase in V40, and a corresponding decrease in V10. As the magnetic field strength increases, electron scatter within the lung volume is reduced, thus reducing V10. The volumes directly in the beam path receive an increase in dose, as the electrons remain more confined to this volume, hence increasing the V40. The integral dose to the lung however still remains reasonably constant.
In Fig. 10 we examine the PTV more rigorously. Figure  10͑a͒ shows the DVHs for PTV in the longitudinal geometry for magnetic field strengths of 0.2, 0.5, 1.5, and 3.0 T. As the magnetic field strength is increased, the dose to the PTV is, in general, increased. Therefore, in theory, the relative fluences of the beams would be reduced to deliver the same dose as without any magnetic field. This would result in reducing the absolute dose to the lung. The corresponding DVHs for the transverse geometry are shown in Fig. 10͑b͒ . The effect of increased magnetic field strength is to increase the dose inhomogeneity as exhibited by broader shoulders and longer tails. As such, this geometry does not provide any benefit in terms of reducing the dose to lung because the dose to the PTV is not increased as the field strength is increased.
Because of the potential advantages in the longitudinal configuration, LRBP, in the reduction of tissue-lung interface FIG. 8 . Relative dose differences for the five field plan at 3.0 T. Regions of difference in the transverse geometry shrink in area, but the same trends are apparent as with 1.5 T. Dose differences in the longitudinal geometry now decrease in magnitude compared with 1.5 T, but follow the same general trend.
effects especially noticeable at 0.5 T as shown in Fig. 6 , we are proceeding in building a whole-body 0.5 T LRBP system with a 6 MV linac. This is schematically shown in Fig. 1͑b͒ with the radiation beam passing through the center of one of the magnet poles.
IV. CONCLUSIONS
This work has demonstrated specific phenomena unique to a longitudinal rotating biplanar hybrid MRI-linac geometry. Orienting the B 0 magnetic field parallel to the photon beam axis tends to restrict to various degrees, the radial spread of secondary electrons in medium. This behavior is a direct consequence of the Lorentz force acting perpendicular to both the magnetic field lines and the radial component of each electron's momentum as it moves through the media. For magnetic field strengths typical of modern MRI systems, the confinement effect is minimal in water, but has the potential to become significant in low density tissue such as lung. Looking at beams applied to a specific lung plan, we compared this geometry with a transverse magnetic field geometry presented in previous work 4 across a range of field strengths. The transverse geometry suffers from known tissue interface effects that have a strong dependence on planning geometry. The longitudinal configuration presented here exhibits significant decrease in tissue interface effects and demonstrates an increase in the dose to the PTV as a function of increased magnetic field because of the focusing of the electrons in the forward direction. This increase in dose could potentially be utilized to reduce dose to normal tissue for the same dose to the PTV.
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APPENDIX: MONTE CARLO NORMALIZATION AND MAGNETIC FIELDS
The MC system used in this work is set up such that it can report the absolute dose to any voxel in the simulation based on the assigned monitor units in the original plan. Generally, MC simulations return doses normalized to either a particle history or the incident electron fluence on the target. Here, dose normalized in this manner to the jth voxel, from the ith beam is denoted d i j . Absolute dose in cGy, D i j , is calculated from
C is a calibration factor calculated for standard calibration conditions ͑dose to a point at depth of maximum dose for a 10ϫ 10 cm 2 field, 100 cm SAD͒. With a calibration of 1.00 cGy/MU to this point, a dose per history in water d cal is simulated. Hence ͑A2͒
F i is a field-size dependent factor that accounts for the variation in dose to the monitor unit chambers with field sizes other than a 10ϫ 10 cm 2 field due to backscatter from the jaws. 26 Finally, U i is the number of monitor units assigned to the ith beam.
When normalized to a point N, the relative dose becomes
Note that the calibration factors cancel out and, in fact, for single beams, we are left with a ratio of the two MC output doses.
In this work we introduce a magnetic field ͑denoted with a subscript B͒. For identical incident fluences d i j ͉ B d i j ͉ B=0 . When dose maps are presented, they are presented relative to the zero field case as
When we present difference maps in this paper, we are, in fact, presenting
The statistical uncertainty in the dose at the normalization point is about 0.6% which would result in minimal systematic error due to normalization. 
